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ABSTRACT
We conducted an 18 month long study of the weather conditions of the Vallecitos, a pro-
posed site in Me´xico to harbor the northern array of the Cherenkov Telescope Array (CTA). It
is located in Sierra de San Pedro Ma´rtir (SPM) a few kilometers away from Observatorio As-
trono´mico Nacional. The study is based on data collected by the ATMOSCOPE, a multi-sensor
instrument measuring the weather and sky conditions, which was commissioned and built by the
CTA Consortium. Additionally, we compare the weather conditions of the optical observatory
at SPM to the Vallecitos regarding temperature, humidity, and wind distributions. It appears
that the excellent conditions at the optical observatory benefit from the presence of microclimate
established in the Vallecitos.
Subject headings: site testing: individual(San Pedro Ma´rtir)
1. Introduction
Since the early 1970s when the Observatorio
Astrono´mico Nacional (OAN) began operations,
it was found that the mountainous ridge of San
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Pedro Ma´rtir (SPM) Baja California, Me´xico, is
one of the few dark areas in the world with ex-
cellent atmospheric qualities and a large fraction
of cloud-free time most suitable for astronomical
research. The current observatory employs three
optical telescopes with primary mirror diameters
of 2.12, 1.5, and 0.84 m. A few large astronom-
ical projects considered this place as a candidate
site. Nowadays, it is a candidate site to house the
northern part of the CTA1 (Acharya et al. 2013).
The CTA aims to increase sensitivity by another
order of magnitude over currently available instru-
ments for deep observations around 1 TeV and sig-
nificantly boost the detection area and hence de-
tection rates at the highest energies. It intends to
improve the angular resolution and hence the abil-
ity to resolve the morphology of extended sources,
to provide uniform energy coverage for photons
from some tens of GeV to beyond 100 TeV, and
1While this paper was in the process of publication a decision
has been made to built the CTA-North at La Palma.
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to enhance the sky survey capability. To view the
whole sky, two CTA sites are foreseen. One is
planned for the southern hemisphere with a better
view of the central region of our Galaxy. A sec-
ond, northern site will be primarily devoted to the
study of extragalactic sources like active galactic
nuclei and will help to shape our comprehension
of cosmological processes. Several candidate sites
compete for hosting CTA southern and northern
arrays; among them, SPM was proposed by the
astronomical community of Me´xico.
In the process of monitoring the conditions of
the observatory and exploration of the site for
future telescopes, several studies have been con-
ducted with the first publication starting in 1977
(Alvarez & Maisterrena 1977; Tapia 1992; Cos-
tero et al. 1996; Hiriart et al. 1997; Echevarr´ıa et
al. 1998; Schuster & Parrao 2001; Conan et al.
2002; Schuster et al. 2002) to the entire volume
19 of Revista Mexicana of Astronomy and Astro-
physics dedicated to SPM in 2003 (Cruz-Gonzalez
et al. 2003), and a number of recent publications
(Avila et al. 2004, 2006, 2007, 2011; Carrasco et al.
2005; Wehinger 2007; Tapia et al. 2007b; Sa´nchez
et al. 2012, 2007; Alvarez et al. 2007; Bohigas et
al. 2008; Ota´rola et al. 2009; Araiza Quijano &
Cruz-Gonza´lez 2011; Carrasco et al. 2012). These
studies partially dwell on the atmospheric condi-
tions like the turbulence, seeing, and character-
istics important for operation of optical-infrared
telescopes. However, the mode of observations of
atmospheric Cherenkov telescopes (ACTs) is dif-
ferent. Their goal is the detection of showers com-
prised of charged particles created in the Earth’s
atmosphere by the interaction of a very high en-
ergy (VHE) γ-ray with the atmosphere. Such
showers induce a faint blue glow caused by the
Cherenkov radiation. Hence, the astro-seeing is
not a concern, but other environmental parame-
ters are important, because a big number of ACTs
require a large flat surface to be installed and they
are not protected by domes or other structures.
Here, we present results of a study of the pro-
posed site at the SPM National Park. The site
is located within the area designated for the as-
tronomical use by a decree published in the Offi-
cial Gazette of the Federation on 2009 December
15. The CTA Consortium has developed and con-
structed autonomous monitoring stations called
Autonomous Tool for Measuring Site COnditions
PrEcisely (ATMOSCOPE; Fruck et al. 2015) to
measure weather parameters (temperature, hu-
midity, wind speed and direction, cloud altitude,
atmospheric pressure) continuously, as well as the
sky’s darkness. These devices were distributed
among candidate sites for collection of homoge-
neous and calibrated data. Later, they were up-
graded with all-sky cameras (ASC, Manda´t et al.
2013) in order to estimate the fraction of cloud-
free sky at the explored sites. We summarize here
the data collected by the ATMOSCOPE at Val-
lecitos and compare it to the data collected by
the weather station at the observatory (Michel et
al. 2003). The study spans the time period of 18
months from 2012 September to 2014 March. CTA
has technical requirements for the telescopes, in-
cluding environmental parameters in which the ob-
servatory can operate. In this paper, we use them
as guidance to relate measured values to the tech-
nical viability of the project.
2. Essentials
2.1. Vallecitos Site
The site known as Vallecitos is located at the
National Park of Sierra de SPM Baja California,
Me´xico. It is at the northern, central part of the
peninsula, which is a deserted, sparsely populated
area. The geographic coordinates of the center of
the area are 31◦00′49.′′20 N , 115◦28′39.′′07 W with
an altitude of 2435 m above sea level. The entire
area of 1 km2 proposed to the CTA is within 3000
hectares reserved exclusively for the astronomical
research, according to the management program
of the national park in an agreement signed in
2009 by the federal and the state of Baja Cali-
fornia governments. The center of the area is lo-
cated ≈ 3500 m away and 370 m below the weather
station of the optical observatory. The latter is lo-
cated at 31◦02′40.′′55 N , 115◦27′53.′′65 W at an
altitude of 2802 m above sea level. In the Fig-
ure 1 a satellite image from the Google Earth2
is presented, showing the location of the ATMO-
SCOPE near the area and a line connecting the
two weather stations that we use for the analy-
sis in this paper. Hereafter, we will refer to these
two sites as Vallecitos and OAN or observatory,
respectively.
2http://www.google.com/earth/
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Fig. 1.— Red arrow indicates the location of the ATMOSCOPE. The brownish treeless area around the
red arrow is the place called Vallecitos and it has been proposed for the placement of the CTA-north array
of ACTs. The light blue line indicates the distance to the weather station of the OAN SPM installed in
between the 1.5 and 0.84 m telescopes. The red line indicates a rectangular area inside the SPM National
Park, designated for astronomical use.
2.2. Equipment
The ATMOSCOPE was installed in situ (Fig-
ure 2) on 2012 September 21. Before that it oper-
ated for 3 months near the residential area of the
observatory, while we were waiting for permission
from the Environmental Protection Agency. The
ATMOSCOPE includes a commercial weather
station from REINHARDT systems und Mess-
electronic GmbH (Model MWS 4M),3 which is
mounted on a 10 m tall tower above the ground.
The equipment is powered by solar panels and is
connected via a microwave link to the local net
of the OAN, transmitting data online to the in-
terested parties. Apart from the weather station,
as was mentioned above, it has light-of-night-sky
sensor (LoNS) constructed by CTA (Fruck et al.
2015) and the ASC (Manda´t et al. 2013). Later
(on 2012 November 12), a commercial SQM (Uni-
3Manual, http://www.reinhardt-testsystem.de/_pdf/
english/mws4m_e.pdf
hedron SQM-LE)4 was added to the equipment.
Also, to study the dependence of temperature and
humidity on the height above the ground, simple
commercial temperature and humidity sensors5
were installed at 1, 4, and, 7 m altitudes.
On the other hand, the weather station of OAN
SPM was permanently installed since the end of
1998 for continuous weather control and online
reports. The meteorological station is mounted
on a 6 m tower above the ground. The control-
ling console of the station is placed in the ob-
serving room of the 1.5 m telescope. The sta-
tion is produced by Davis (Model Vantage Pro2
Plus); all sensors are certified by the National In-
stitute for Standard and Technology (NIST, USA).
The station undergoes yearly calibrations with
NIST. The online data are available online at
http://www.astrossp.unam.mx.
4http://unihedron.com/projects/sqm-le/
5http://www.ibuttonlink.com/products/ms-th
3
Fig. 2.— The ATMOSCOPE fully equipped and
installed at the indicated location.
3. Weather and Sky Conditions
3.1. Fraction of clear nights
Thanks to the presence of OAN SPM, the area
has been monitored and studied for a considerably
long period of time, which is very important since
one or two years of observing such a complex phe-
nomenon as climate behavior can be misleading.
The relevant studies were conducted for the exist-
ing observatory and prospective sites of new tele-
scopes, mostly for elevated positions around Val-
lecitos (Bohigas et al. 2008). Historical records of
astronomical observations from Tapia (1992) show
that in the period from 1982 to 1992 more than
80% of nighttime spectroscopic observations were
successfully carried out. And about 60% of nights
had photometric quality. These results are consis-
tent with extending the observation to up to 20
years (Tapia 2003), during which 80.8% were con-
sidered spectroscopic nights and 63.1% photomet-
ric. Sometimes clear-sky nights would be simply
called usable instead of spectroscopic. Assessment
of photometric quality (transparency, seeing, and
stability) is based on individual observers, thus
is subjective. But similar results were obtained
based on a two-year satellite data analysis that
was reported by Cavazzani & Zitelli (2013).
Nevertheless, the definition of cloud-free condi-
tions varies from study to study and depends on
the manner of collecting data. In order to assess
all competing sites on the basis of uniform data
sets, the CTA has conducted its own investigation
by employing ASCs, which would determine the
fraction of cloud-free time based on a star count
(Manda´t et al. 2013). Here, we present the con-
cluding statistics. By 2014 March, the ASC has
operated 450 nights (95% of time since the instal-
lation) taking sky images every 5 minutes. More
than 18,000 images have been analyzed showing
that at the Vallecitos site 84 ± 1% of the time
> 80% of the sky is cloud free6 (see Figure 3). This
result includes evaluation of 18% of the images
from Vallecitos that had problems. They were
identified by occasions when the ASC does not
see neither stars, nor the ATMOSCOPE tower lo-
cated nearby. After elaborate analysis, by cross-
correlating data from different sources, including
ASC images from the OAN, it was determined
that part of the problematic images were the con-
sequence of fresh fallen snow covering the lens,
but the majority were affected by condensation
due to the high humidity dominating the valley in
contrast to the surrounding hills. The sky cloud
coverage at the time of the problematic images
was obtained by analyzing contemporary satellites
images. The correction was based on the rele-
vant images from satellites covering the site within
the analyzed time window. The data from ASC
were compared with corresponding data sets from
GOES satellites. The satellite images were not al-
ways available in the corresponding time window,
and thus only 55% of affected images (10% of all
data) was substituted by the satellite images. The
6Only moonless (the moon below horizon, so the ambient
light does not affect the cloud analysis) time was taken into
consideration when analyzing the ASC data. By 2014 June
the number of images has increased to 20 000 maintaining
84% of the moonless time cloud free.
4
Fig. 3.— Left: distribution of cloud coverage per night during the monitored time. Right: cumulative
distribution of cloud-free sky of Vallecitos site. The value varies from 0% - 100% (100, clear sky; 0, fully
covered).
remaining 8% of inconclusive images was not taken
into the evaluation of the fraction of clear nights
of the Vallecitos site. The final result on a number
of clear nights has not changed by this inclusion
of the satellite images. More details of ASC data
and its analysis will be published by Manda´t et al.
(2016). This is the first ground-based study in situ
based on continuous unbiased automatic measure-
ments. Results of the two-year study by CTA tally
well with previously published statistics regarding
SPM and are within year-to-year uncertainty.
3.2. Night Sky Background
Observatory at SPM is known for its dark skies
since it is located in a sparsely populated area.
Nevertheless, an illumination produced by the
urban areas along the U.S.-Mexican border and
coast of the Gulf of California is notable at the
horizon from the northeastern edge of the moun-
tains where the OAN is located. Meanwhile, from
the Vallecitos site, shielded by the hills, not a sin-
gle artificial light is visible (see Figure 4 for the
light contamination map of the area). The multi-
band NSB measurements for OAN have been pub-
lished by Tapia et al. (2007a). In early 2013,
we performed new measurements of sky bright-
ness to provide updated data for the CTA. During
three separate nights, images of a Landolt stan-
dard star were obtained along with images of the
sky by pointing to the zenith. The images were
obtained in the U, B, V, R, and I filters with
average integration times for sky of 15, 13, 12,
9, and 8 minutes, respectively (one image per fil-
ter). The first two sets (2013 February 17 and
Fig. 4.— Light pollution map of north-
ern Baja California. The pop-up balloon at
the center of the image indicates the loca-
tion of SPM and the patched area, the zone
which is affected by the nearest cities. Source:
www.jshine.net/astronomy/dark sky/
2013 April 1) were obtained at the 0.84 m telescope
with Wheel Mexman + CCD Esopo, while the last
(2013 April 5) was obtained at the 2.1m telescope
with the Italian filter wheel and CCD Marconi 2.
The data were processed by removal of bias and
application of flat-field correction. After prelim-
inary reduction, an aperture photometry by the
APT program (Laher et al. 2012) was used for the
measurements. For the sky, the magnitudes were
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measured in 14′′ (Esopo) and 2′′ (Marconi 2) cir-
cular regions. The instrumental magnitudes were
corrected for atmospheric extinction using param-
eters from (Schuster & Parrao 2001). However, no
color correction was applied for measured magni-
tudes. The results are presented in Table 1. In-
spection of table values shows that the sky was
somewhat brighter in April than it was in Febru-
ary, which is not surprising, as there is a seasonal
dependency (see Figure 5).
The NSB evaluation by the CTA criteria is
more complicated. Identical cross-calibrated in-
struments were developed to perform measure-
ments of NSB in all candidate sites in a similar, ho-
mogeneous manner. The LoNS sensor is described
and data reduction and analysis methods are pre-
sented by Gaug & CTA Consortium (2013) and
Fruck et al. (2015).
A commercial LoNS measurement device, a
Sky Quality Meter SQM-LE, from Unihedron, is
part of the ATMOSCOPE. The TSL237 light-
to-frequency converter, made of a silicon pho-
todiode combined to a current-to-frequency con-
verter, is the base of the SQM. The frequency
measured is directly proportional to the light in-
tensity received by the photodiode and is temper-
ature compensated to provide an operating range
of [−40◦C, +85◦C]. The measurements are then
converted to units of magnitude per square arcsec-
ond (a common unit for surface brightness in as-
tronomy) across a field of view, which is restricted
to ∼ 20◦ FWHM by means of a built-in focusing
lens. Our device points to the zenith. The spec-
tral response of the assembly is wider than the V-
band, as it also integrates a part of the B-band. It
has been shown (Cinzano (2005) that this broader
spectral acceptance can give an offset SQM−V up
to 0.25 mag arcsec−2, depending on the B − V
color index. In our case, the SQM−V offset is
expected to be close to 0 for the observation of
2013 February 17, and close to 0.1 for the other
nights from table 1. Beyond the spectral system-
atics, a cross-calibration between several devices
placed together in a controlled low-light environ-
ment has shown an intrinsic precision of the order
of ± 0.2 mag arcsec−2.
Figure 5 shows the NSB measured in the V-
band (from Table 1), shifted to match the SQM
band, and SQM measurements performed over 10
months: 785 hr of moonless and clear nights from
early 2012 November to early 2013 September (1
minute periodicity). The area made of green lev-
els represents the data as provided by the SQM,
and the curve is the expected mag arcsec−2, from
a simple model including starlight (direct + scat-
tered), planets, and zodiacal light, falling in the
SQM field of veiw. This model has two free pa-
rameters representing the light sources not taken
into account (average nightglow, light pollution)
and a correction to the acceptance of the whole
measurement chain (atmosphere+SQM). They are
estimated using a global fit on the data. The
residual NSB extracted from the fit is 22.6±0.2
mag arcsec−2, which makes SPM one of the dark-
est sites among the Northern CTA sites. Given
the global fit, the main interest of the model is to
show the relevance of the variations of the SQM
measures along the Sidereal Time.
Out of the SQM measures, three values are
highlighted in Figure 5 to be compared with the
NSB simultaneously measured in the V-band with
the telescopes (Table 1, converted in the SQM
band). The agreement is within the SQM error
bars.
3.3. Wind
Strong wind or wind gusts represent a serious
hazard for a telescope installed unprotected by a
building and dome. One of the constraints for a
CTA candidate site is that the wind speed does
not exceed 36 km hr−1 limit in a 10 minute av-
erage during the time of observations. Figure 6
presents the distribution of wind speed in the form
of a histogram on the left side and as a cumula-
tive distribution function on the right. Since there
is a notable difference between the nighttime and
the daytime weather parameters, and because the
nighttime measurements are more relevant, here
and hereafter, the data distributions are separated
between the nighttime (from 6 pm to 6 am) and
the daytime, encompassing the other half of the
day. In addition, data distributions from the Val-
lecitos and OAN are plotted together to allow for
a direct comparison. Please note that the wind
speed measurements at Vallecitos are taken ev-
ery minute, while the OAN weather station reg-
isters it every 5 minutes over the same period of
time. Also, that the anemometer at Vallecitos is
installed at the appropriate 10 m height above the
ground, while at the SPM it is on a 6 m mast.
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Table 1: NSB measurements at three moonless nights
Filter UT Date rms
mag arcsec−2 2013 Feb 18 2013 Apr 02 2013 Apr 06
U 22.04±0.07 21.95±0.11 21.11±0.17 0.51
B 22.56±0.05 22.42±0.07 22.23±0.11 0.17
V 22.08±0.04 21.44±0.05 21.51±0.08 0.35
R 21.17±0.03 20.65±0.03 21.04±0.07 0.27
I 19.93±0.02 18.98±0.02 19.6±0.06 0.21
)°Sidereal Time (
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Telescope meas. of NSB Feb 18 2013: V
2Telescope meas. of NSB Apr 02 2013: V + 0.1 mag/arcsec
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SQM meas. of NSB Feb 18 2013
SQM meas. of NSB Apr 02 2013
SQM meas. of NSB Apr 06 2013
Model fit on SQM data
SQM measurements Nov 2012 - Sep 2013
Fig. 5.— SQM measurements w.r.t. Sidereal Time for 10 months of data taking (area made of levels of
green): the intensity of the green color reflects the density of points. Due to the incomplete year, the high
values of S.T. are less populated. A simple model (dark green curve; see the text) allows us to check the SQM
behavior. The spread of the SQM measurements around the model originates from the typical repeatability
of an SQM (lower than ± 0.1 mag arcsec−2), the variability of the atmospheric transparency, the variability
of nightglow, and from possible deposits of dust on the SQM window. The measures of table 1, in V-band
shifted to match the SQM band, are plotted and compared to the contemporaneous SQM measures.
However, it is feasible to estimate the wind speed
at 10 m measured at 6 m using a simple prescrip-
tion expressed in Eq 4 of Ban˜uelos-Ruedas et al.
(2011). The wind measurements guidance from
the federal meteorological handbook published by
Office of the Federal Coordinator for Meteorology
of USA suggest to measure wind speed averaging
over two-minute period. The wind speed data for
10 minutes shall be examined to evaluate occur-
rence of gusts. Gusts are indicated by rapid fluc-
tuations in wind speed with a variation more than
18 km hr−1 between peaks and lulls. The REIN-
HARDT MWS 4M weather station allows aver-
aging of instantaneous measurements by accom-
panying software. One-minute periodicity reading
of wind speed values measured each 2 s was pro-
grammed in our case.
From Figure 6 it is obvious that it is very quiet
during night at the Vallecitos. The daytime is
windier, but the wind speed rarely rises beyond
7
Fig. 6.— Top: the histogram presentation of dis-
tribution of the wind speed with 3 km hr−1 step.
Bottom: the cumulative distribution function of
the wind speed. In both panels, the Vallecitos
measurements are plotted by solid lines, the black
line corresponds to the nighttime (6pm to 6am
local time), and the magenta line represents day-
time (6am to 6pm). Similarly, the black dashed
line corresponds to SPM night and the magenta
dot-dashed line represents the wind distribution
at SPM during the day.
20 km hr−1. The wind speed at the OAN during
daytime is similar to the Vallecitos but generally
exceeds it. At nighttime, the wind speed is sta-
Fig. 7.— Example of wind speed during a storm
in the area on 2013 February 20. The red line is a
wind speed at SPM in the upper panel. The black
line is the wind speed at Vallecitos . The green
line is the Vallecitos wind speed downgraded to the
same temporal resolution as SPM. The horizontal
dashed line is a 36 km hr−1 operational limit. In
the bottom panel, the wind direction is presented
from both instruments.
tistically higher at OAN than during the day. In
Figure 6, the wind speed at OAN is plotted as
measured. However, if a correction is applied for
the difference of the anemometer heights, the peak
value of wind speed distribution at 14 km hr−1
in SPM at night would increase to 16 km hr−1,
shifting the entire distribution rightward. Simi-
larly, the daytime histogram would shift too, thus
slightly increasing the gap between Vallecitos and
OAN wind speed distributions. However, the pur-
pose of this study is not comparison of two sites,
and hence the precise corrections are irrelevant.
The SPM data are brought up here only because
a longer record exists for the observatory, helping
project conditions at Vallecitios in the long term.
Remarkably, the wind speed at OAN does not
depend much on a season according to a three-
year monitoring in the 1990s (Echevarr´ıa et al.
1998). The wind is usually < 30, rarely reach-
ing 40 km hr−1. Similar results were reported by
the Thirty Meter Telescope site exploring group,
with daytime winds < 29 and nights usually <
36 km hr−1.
The cumulative distribution function presented
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Fig. 8.— Wind direction distribution at Val-
lecitos during night. The solid circle marks the
50 km hr−1 velocity and the dashed circle indicates
36 km hr−1 speed limit. 99.58% of points lie within
dashed line circle. Brown circle in the center con-
tains 65% of the zero values.
in the right panel demonstrates the exceptional
tranquility of Vallecitos, where more than 65%
of the time at night the wind speed is less than
5 km hr−1, at which times anemometer cups get
stuck and indicate zero value.7 The distribution
hits the 100% mark at low velocities, far away from
the hazard wind speed for any instrument. Mean-
while, the OAN exhibits wind gusts of consider-
able speed, which is not an issue at the Vallecitos.
And that is natural because the OAN station is
located close to the edge of mountain ridge, while
the Vallecitos is shielded by surrounding hills and
trees. In Figure 7, a wind speed record is pre-
sented on 2013 February 20, when the region was
subjected to a strong storm.8 Evidently, at the
SPM there was a strong wind reaching 70 km hr−1
around 20.2 PST. At Vallecitos it stayed calm un-
til the storm started to wind down with only a
few gusts barely exceeding 50 km hr−1 around 20.7
PST.
Another way to look at it is the wind rose pre-
7The anemometer starts to give values from 2 km hr−1, but
they are not very reliable, according to the specifications
at speeds below 4.7 km hr−1.
8 http://www.nbcsandiego.com/weather/stories/
Winter-Storm-Blizzard-Snow-Hail-San-Diego-February--192023251.
html
sented in Figure 8. The wind distribution is shown
depending on the direction during the nighttime.
Plots show preferential winds in SW and NE di-
rections. The SW direction corresponds to the
orography, a channel by which the humid air from
the Pacific enters the peninsula. The NE direction
is probably related to Santa Ana winds bringing
hot air from deserts, which are not frequent (a few
times a year), but are rather strong. The num-
ber of points in the ring between between 36 and
50 km hr−1 may seem significant, but, in fact, the
fraction of time when the wind exceeds 36 km hr−1
is only 0.42% of the time.
3.4. Temperature
The wind patterns and velocity are distinct be-
tween the two stations, but are not significantly
different. In contrast, the temperature and humid-
ity measurements presented surprises. The tem-
perature monitoring results are shown on the Fig-
ure 9. At OAN, the temperature is mild most
of the year with small differences between the
night and the day. In the left panel of Figure
9, the distribution of the daytime and nighttime
temperatures at OAN almost coincide through-
out the year. Meanwhile, in the Vallecitos, they
are well apart, with peaks separated by 18oC.
The temperature distribution in Figure 9, as well
as the cumulative distribution, demonstrate that
these two areas in close proximity have quite dif-
ferent temperature regimes, with the flat, lower-
altitude Vallecitos having more extreme temper-
atures and larger gradients than the OAN. The
low-temperature wing of the nighttime distribu-
tion, as well as the high-temperature wing of day-
time curve, is steeper than the opposite sides,
proving that extreme temperatures are less com-
mon and that usually the temperature stays in
the reasonably mild -17 to +27oC range. Nev-
ertheless, temperature drops below −20oC (with
an absolute minimum of −24oC) have been regis-
tered three times for several hours during these 18
months, which represents 0.3% of the monitored
time. Temperatures below −20oC violate the CTA
temperature requirements.
Since no record exists of temperatures in Val-
lecitos prior to our study, we checked the monthly
average temperature at SPM in three winter
months during the last 7 years. Results in the
form of the maximum, minimum, and average
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temperature each month are presented in a graph-
ical form in Figure 10. Out of a total 23 months,
only in 6 was the average temperature was below
zero, and two out of six has happened in winter
2013. So the average temperature at SPM reflects
extremes taking place in Vallecitos. We view this
as an indication that the occurrence of such low
temperatures is not frequent and may happen ev-
ery once or twice in 7 years. For the Vallecitos
site, the nighttime temperature distributions of
two winters (December, January, February) on
record are presented in Figure 11. All instances
of extremely low temperatures occurred in 2012
to 2013. In contrast, during the winter of 2013 to
2014, the temperature never reaches −20oC and,
in fact, stays above −17oC at all times9
3.5. Humidity
The precipitable water vapor (or the depth of
water in a column of the atmosphere if all the wa-
ter in that column was precipitated as rain) is a
manner of measuring water content in the air and
has an exponential dependency on the altitude.
The results of the study by Ota´rola et al. (2010),
spanning a period of 4 years from early 2004 until
the end of 2007, confirmed that the OAN site is dry
and exceptionally good for astronomy research.
The data analysis shows that during winter, even
though the SPM site is about 230 m lower in ele-
vation than Armazones, it is drier than the Arma-
zones site. In general, astronomers prefer dry air,
which can be important at an infrared wavelength
range for spectral transparency. However, for the
atmospheric Cherenkov observations, water con-
tent in the air is not essential, unless it is so high
that it condensates on the optical components of
the telescopes. The ATMOSCOPE has been mon-
itoring the relative humidity to study conditions
at the candidate sites. Relative humidity is the
ratio of the partial pressure of water vapor in an
air–water mixture to the saturated vapor pressure
of water at a given temperature.
As in the previous figure, in Figure 12, the
relative humidity distributions are displayed in
the form of histograms and cumulative distribu-
tion functions separately for daytime and night-
9While this paper was under review, we already have data
for winter 2014/2015 with no occurrences of temperatures
below −20oC.
Fig. 9.— Top: the temperature distribution
at Vallecitos and OAN. Bottom: the cumulative
distribution function of the temperature. The
color and line style demarcation is similar to Fig-
ure 6; the solid lines are reserved for Vallecitos and
dashed lines for OAN. The nighttime is plotted in
black.
time for Vallecitos and OAN. At OAN, the hu-
midity is low around the clock, the nighttime be-
ing slightly drier than the day. At Vallecitos, the
daytime relative humidity is similar to OAN; in
fact, it is less humid. However, at night, humidity
is outrageously high, being totally different from
the OAN. The humidity distribution peaks around
40%–60%, dropping gradually toward 85% only to
10
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Fig. 10.— Winter (December, January, Febru-
ary) temperature statistics of 7 years at SPM.
The maximum registered temperature during each
month is shown as red bars, the minimum as blue
bars, and the monthly average as green circles. In
2013, for two winter months, the average temper-
ature was below zero.
Fig. 11.— Winter temperature distribution sepa-
rately for two years of monitoring. The first winter
is from 2012 December to 2013 February (magenta
line), and the second winter belongs to 2013 De-
cember to 2014 February (black line).
produce a secondary peak at higher values. Dur-
ing an unexpected 5.8% of the monitored period of
time, the humidity reaches 100%. Relative humid-
ity is another parameter that we found strangely
off of the corresponding values at the OAN. High
humidity in itself is not a problem for observations
of Cherenkov radiation if the sky is clear. The
problem is condensation of water on the mirror
surfaces, which occurs when certain conditions are
met. In order to understand how much the high
humidity at Vallecitos may affect the operation of
CTA, we must derive the time losses due to water
condensation on the telescopes. For this, we can
use the actual temperature and relative humidity
and calculate the dew point.
The dew point is a water-to-air saturation tem-
perature, i.e., the temperature at which the water
vapor in the air at constant barometric pressure
condenses into liquid water. The dew point ap-
proaches the current temperature as the relative
humidity increases. We calculated the dew point
Tdp for Vallecitos and SPM according to the equa-
tions γ = ln
(
HR
100
)
+ b·Tc+T and Tdp =
c·γ
b−γ , where
HR is the relative humidity, T is the temperature,
and b = 17.67, c = 243.5oC are constants (Bolton
1980). When the dew point is equal to the current
temperature, the water starts to dew over solid
surfaces. That is what caused part of the prob-
lematic ASC images. According to calculations
presented in Table 2 during 17% of the monitored
time, the dew point was within 2oC from the ambi-
ent temperature at Vallecitos, as opposed to only
7% of the time at OAN. Those 7% probably corre-
spond to the rain in the entire area, which is dis-
counted from the observable time anyways. Part
of the remaining 10% (about half) corresponds to
cloudy weather and is also counted as not usable.
However, there still remain a few percent (we do
not know the exact number) when the sky might
be clear, the humidity at the OAN low, but still, in
Vallecitos, water condensation may prevent nor-
mal operation of the observatory. The errors of
dew point determination by using cited empirical
relations are of the order of 0.2oC, but we have
chosen an order higher than 2oC difference of dew
point temperatures from the ambient to make ab-
solutely sure that time lost to the condensations on
the surface of mirrors would not represent a prob-
lem at a lower heights (see below in this section).
Worth mentioning is that in the total amount of
monitored time (since it is not two full years), a
fraction of the winter months is high, exacerbating
the problem.
Examples of interrelation between temperature,
humidity, and dew point are shown in Figure 13.
ATMOSCOPE measurements of temperature and
humidity are plotted for a dozen days for two pe-
riods in winter 2012 to 2013. Overplotted is the
dew point. In 2012 December, there was a string
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Table 2: Lost time by T-2 < Tdp
Site Total (hr) Lost (hr) Lost (%)
Vallecitos 6010 1042 17.3
SPM 5865 430 7.3
of rainy days, and the plot shows relative humid-
ity exceeding 95% when the dew point was equal
to the ambient temperature. In 2013 January,
the humidity rose every night as usual for Val-
lecitos, but the dew point stayed lower than the
air temperature, thus humidity was high, but did
not reach the condensation point except for on one
occasion.
Another interesting observation is that the tem-
perature and humidity at Vallecitos are very sen-
sitive to the height from the ground. We op-
erate here with the data taken by the ATMO-
SCOPE at 10m above the ground, but additional
humidity and temperature sensors at different el-
evation from the ground (1, 4 and 7 m) indicate
that the temperature falls drastically closer to the
ground after sunset and warms up higher than the
air temperature at 10 m height during a sunny
day. Meanwhile the humidity in the valley after
the sunset increases closer to the ground than in
the air. This behavior is displayed in Figure 14.
Although the sensors below ATMOSCOPE are
not calibrated and are not very precise, the fig-
ure leaves no doubt that closer to the ground, the
lower is temperature and higher is the humidity.
Also, it is apparent that the temperature decreases
during the night reaching the lowest point right
before the Sun rises; similarly, the humidity in-
creases gradually, reaching the highest value by
the morning. This is an example of three days,
but the pattern is very common throughout the
year, particularly in cloudless time. On average,
a two-degree difference is observed between night
temperatures at 10 and 3 m heights.
The registered temperatures and humidity at
Vallecitos should be taken into account in the tele-
scope design. We believe that they can influence
the operation of the ACTs and might represent a
technical challenge.
Fig. 12.— Top: the humidity distribution his-
togram. Bottom: the cumulative distribution
function of the humidity. The color and line style
demarcation is similar to Figure 6, the solid lines
reserved for Vallecitos and dashed lines for OAN.
The nighttime is plotted in black.
4. Essential Differences between SPM and
Vallecitos and Probable Reasons
It turns out that at nights the valley is a much
colder place than the observatory situated on the
surrounding hills at a higher altitude. In fact,
the temperature gradient increases with the de-
crease of altitude toward the valley. In Figure 15,
we present temperature measurements at two dis-
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Fig. 13.— Two examples of temperature and humidity behavior in winter months. In the upper panel
of each graph, the black line marks the measured temperature in Vallecitos, the cyan line corresponds to
calculated dew point (Tdp), and the red dashed line indicates −20oC. In the bottom panel, we present the
measurements of humidity at Vallecitos; the red dashed line indicates the 90% threshold.
tinct locations. The ATMOSCOPE was installed
at the residential campus, half-way between the
observatory weather station and Vallecitos, from
2012 June to September. It was transferred and
installed at the center for the proposed site for
CTA on 2012 September 21. The black line in
Figure 15 is temperature measured by the ATMO-
SCOPE. It is notable that during the day it is
much warmer at the campus than by the OAN
telescopes (the magenta line shows the tempera-
ture at the observatory). It is also evident that
at nights the temperature is much lower (about
10oC) at Vallecitos than at the campus or the ob-
servatory. This large difference is observed reg-
ularly, except for times when the entire area is
covered by low clouds. At those times, the tem-
perature difference is less marked. The relative hu-
midity at night also behaves differently than at the
observatory, the average humidity being often in
40-60% range with high percentage of occurrences
when the humidity is above 90%. Comparison of a
two-year record between the two sites shows that
in Vallecitos the dew point reaches 10% more often
than at the observatory. The humidity at night at
Vallecitos is higher with temperatures lower, closer
to the ground than at 10 m height. The soil study
showed that there is no underground water down
to 6 m, and the solid granite starts at ≈ 2 m depth.
We speculate that such a temperature/humidity
regime may result from orography. The prevailing
air flow from the Pacific creates a dome over the
central bowl-like part of the SPM mountain chain,
trapping the air and humidity as if in a green-
house. Meanwhile, the local air day/night circu-
lation is established in the central valley. During
the sunny daytime, Sun-warmed air gently flows
up the mountain slopes, gradually cools at higher
altitudes, and then descends back to the central
part of the valley. At night, the circulation of air
reverses. The cold, dense air is drained down the
slopes via the katabatic wind and accumulate at
the bottom of the valley in a pool of cold air (Fig-
ure 16). Meanwhile, the slopes remained relatively
warm. There might be other reasons contributing
to the peculiar weather in Vallecitos that we failed
to recognize. However, it can not be ignored that
the presence of this low valley filled with cool air
next to the observatory contributes to the excel-
lent atmospheric conditions of the OAN at night.
The registered temperatures and humidity at Val-
lecitos should not influence the operation of the
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Fig. 14.— Another example of temperature and
humidity monitoring. The plot demonstrates clear
dependence on temperature and humidity from
the height above the ground. The colors are as-
signed as follows: black, 10 m (ATMOSCOPE);
cyan, 7 m; dark magenta, 3 m; violet, 1 m. Dur-
ing the night, the temperature falls, gradually de-
creasing during the night. Closer to the ground,
the lower is the temperature and higher is the hu-
midity. The trend reverses during the day.
ACTs, but might represent a technical challenge.
5. Conclusions
We conducted an extensive study of weather
conditions in an area proposed to host CTA-north
array at SPM, Me´xico. The area in question is a
flat, treeless valley, ≈ 400 m below the optical ob-
servatory located there. We compare here records
(historic) obtained at the observatory (OAN), in-
cluding the weather station there, with those we
collected in almost two years at the Vallecitos us-
ing the ATMOSCOPE data. Some global and
important parameters as the fraction of cloud-
less nights and darkness of the sky are similar
for the two locations at about 3.5 km from each
other. Observations from Vallecitos confirmed a
very high fraction (above 80%) of clear nights and
extremely low night sky background, making the
area an exceptional site for ground-based astro-
nomical research. We also show that the Val-
Fig. 15.— Temperature variation depending on
the location around SPM. The smallest fluctua-
tion plotted in magenta corresponds to the OAN.
The measurements by ATMOSCOPE are plotted
in black; the instrument was installed at the ob-
servatory campus before transfer to the designated
CTA area on September 21. The lower the alti-
tude the larger the temperature gradient between
daytime and nighttime.
lecitos site is calm regarding wind speeds and is
safe for ACTs installed without protection. In the
meantime, significant differences between the two
locations have been observed regarding tempera-
ture and humidity extreme levels and gradients.
The temperatures as low as −24oC and as high
as +31oC have been registered. The humidity is
quite similar in SPM and Vallecitos during the day,
but at night the humidity is high in Vallecitos,
with 17% of total time reaching within 2oC of the
dew point.
SPM is confirmed to be one of a few sites around
the planet with outstanding conditions suitable for
astronomical research.
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Fig. 16.— Cut across the peninsula along the direction of the prevailing wind shows a profile typical for
orographic precipitation, when warm, moist air is lifted as it moves over a mountain range. As the air rises
and cools, orographic clouds form and serve as the source of the precipitation, most of which falls upwind of
the mountain ridge. Meanwhile, in the valley at the center of the mountain range, a katabatic wind during
the night cools the bottom of the valley, while during the day it warms up by anabatic wind (breeze).
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